8 Abstract Extensional flows and the underlying stability/ 9 instability mechanisms are of extreme relevance to the 10 efficient operation of inkjet printing, coating processes and 11 drug delivery systems, as well as for the generation of 12 micro droplets. The development of an extensional rhe-13 ometer to characterize the extensional properties of low 14 viscosity fluids has therefore stimulated great interest of 15 researchers, particularly in the last decade. Microfluidics 16 has proven to be an extraordinary working platform and 17 different configurations of potential extensional microrhe-18 ometers have been proposed. In this review, we present an 19 overview of several successful designs, together with a 20 critical assessment of their capabilities and limitations. 21 22
46 Rothstein 2008), since viscoelastic fluids frequently exhibit 47 strong extensional thickening well beyond the Trouton ratio 48 (Trouton 1906) found for Newtonian fluids (Tr = g e /g = 3 49 for axisymmetric elongation, or Tr = g e /g = 4 for planar 50 elongation). Therefore, in order to accurately model these 51 materials, detect subtle dissimilarities in their composition, 52 and to describe or predict the processing conditions that will 53 optimize fluid flow or characteristics of the final product, a 54 thorough rheological characterization of materials in both 55 shear and extensional flow conditions is recommended 56 (Barnes et al. 1993).
57 Despite the recognized importance of extensional flows, 58 we still face an unbalanced scenario in the field of rhe-59 ometry, with the rheological characterization under simple 60 shear flow being by far the most abundant in rheology, to 61 such an extent that it often becomes a synonym for rhe-62 ology in general (Dukhin and Zelenev 2010). However, it 63 is not possible to describe adequately the highly complex 64 dependency on both strain and strain rate experienced by a R E V I S E D P R O O F 65 fluid element of a viscoelastic material in a strong exten-66 sional flow using exclusively a shear rheological charac-67 terization. This has been the motivation which has been 68 fueling extensive research in the past decades to understand 69 the extensional flow behavior of different materials. 70 Research in this topic has involved a synergistic effort in 71 theoretical analysis of extensional flow behavior in order to 72 determine the critical parameters and identify the optimal 73 flow kinematics, and in improving the experimental design 74 of extensional rheometers in order to successfully impose 75 the desired kinematics (Nijenhuis et al. 2007 ). Ideally, a 76 pure extensional (or shear-free) flow, in which the rate-of-77 strain tensor (D ¼ 1 2 rv þ rv T ½ ) has only non-zero values 78 on the diagonal elements ( ou i ox j ¼ 0; 8i 6 ¼ j) and consequently 79 the vorticity tensor is null (w ¼ 1 2 rv À rv T ½ ¼0), would 80 allow us to characterize properly the extensional properties 81 of the fluid. However, due to difficulties associated with 82 imposing purely extensional deformations, the develop-83 ment of instrumentation able to carry out extensional vis-84 cosity measurements is still a challenging task. Twenty five 85 years ago, Bird et al. (1987) summarized this idea in the 86 following statement: ''Unlike the situation for shear flows 87 where there are numerous methods available for measuring 88 material functions of a wide variety of polymeric liquids, 89 techniques for measuring the kinds of shear-free flow 90 material functions have been developed only for polymer 91 melts and high-viscosity solutions''. In spite of the diffi-92 culties in generating homogeneous extensional flows, 93 avoiding shear components and controlling the strain his-94 tory of the material elements (Petrie 1997; Anna et al. The four-roller apparatus (cf. Fig. 4 ), commonly known as 375 four-roll mill, was invented by Taylor (1934) during his 376 investigations on the stirring process to generate emulsions 377 of two immiscible fluids. This device consists of four 378 cylinders arranged in a square configuration which rotate 379 inside a container filled with fluid. A four-roll mill has the 380 ability to generate different flow kinematics ranging from 381 pure extension, to shear, or to pure rotation, through an 382 appropriate choice of speed and direction of rotation of the 2004), the drawbacks previously mentioned were 422 overcome, since this design is able to achieve pure rotation 423 even with a modest aspect ratio (h/w& 2), and much lower 424 aspect ratios can be used. Additionally, controlling the flow 425 type becomes easier in this device. Among the microdevices that generate stagnation-point 428 flows, the cross-slot device is probably the configuration 429 which has attracted most attention due to its simple 430 geometry and easy control. The standard cross-slot consists 431 of four channels connecting at the same point, arranged 432 orthogonally in the same plane, as illustrated in Fig. 7 . The 433 channels can have square, rectangular or circular cross-434 sections and the space in the chamber can vary in different 435 configurations. When the fluid is injected in two opposing 436 channels at the same flow rate, the opposing fluid streams 496 to achieve optimal performance. The standard two-dimen-497 sional cross-slot with rounded corners was used by Alves 498 (2008) as initial guess and the optimal shape of the chamber 499 was determined in order to obtain an ideal planar extensional 500 flow along the flow centerlines (see Fig. 9 ). Recently, the 501 optimized microfluidic device was shown to achieve a quasi-502 homogeneous elongational flow, a crucial requirement to The ability to determine the excess pressure drop across 571 the contraction-expansion suggests that these devices can 572 be used to develop microfluidic extensional rheometers 573 (Rodd et al. 2005a ). However, the flow disturbance 574 induced by the presence of the pressure taps introduced at 575 the channel walls can lead to important errors in the 576 pressure drop measurements, an effect that is known as the 577 pressure-hole error (Tanner 1988). To overcome this 578 problem, pressure sensors embedded in the surface of the 579 channels could be used as in the Rheosense VROC TM (Pipe 580 et al. 2008). Another drawback of using the abrupt con-581 traction-expansion geometry as a microfluidic extensional 582 rheometer is that the strain rate along the centerline is not 583 constant. In order to minimize this limitation, a more 584 interesting configuration would be a contraction-expansion 585 with a hyperbolic shape, as shown in Fig. 13 . The use of 586 hyperbolic contractions results in a quasi-homogeneous 587 extensional flow within the central part of the contraction 588 geometry, and the total Hencky strain experienced by a 589 fluid element is given by H ¼ lnðD 1 =D 2 Þ; where D 1 and 590 D 2 are the widths of the large and narrow sections of the 591 hyperbolic contraction, respectively. Higher Hencky strains 592 lead to wider regions of constant strain rate in the center of 593 the contraction, although entrance and wall effects are not 619 The miscibility between the core and the lubricating 620 fluids is a crucial parameter to take into account when the 621 working fluids are different. When the fluids are miscible, 622 the lubricating fluid encapsulates the core fluid producing a 623 thread, as shown in Fig. 14a . From the perspective of 624 developing an extensional microrheometer using a flow 625 focusing device, this is very interesting, since the lubricant 626 fluid wraps around the core fluid and forms a thread that 627 fully detaches from the bounding walls, generating a truly 628 shear-free uniaxial extension, neglecting the shear in the 629 interface between both fluids, which is a reasonable 649 time evolution of the thickness of the filament, h(t), at the 650 mid-plane of the microchannel (z = H/2) was recorded and 651 the extensional strain rate was calculated as _ ¼ Àð2=hÞ dh dt : 652 Their results suggest that the steady-state extensional vis-653 cosity can be estimated from the exponential rate of thin-654 ning. In spite of this breakthrough, one must take into 655 account two key features for having success in the mea-656 surement of the steady-state extensional viscosity of the 657 core fluid using this technique:
658
• The generated filament of the core fluid is not a thread, 659 as occurs in the CaBER but rather a sheet (Cubaud and 660 Mason 2009) having the height of the channel and a 661 thickness that varies ideally only with time. However, 662 depending on the interfacial tension between the core 663 and the lubricating fluids, the thickness can also vary 664 throughout the depth of the channel. 665 • The depth of the microchannel is also an important 666 parameter, since the top and bottom walls of the 667 microchannels influence the kinematics of the flow at 668 the mid-plane. If the aspect ratio of the channel (depth/ 669 width) is not sufficiently large, it is not possible to 670 achieve a shear-free flow at the mid-plane. 695 similar flow focusing device with three entrances and a 696 single exit is also analyzed numerically. One advantage of 697 the double cross-slot is that the Hencky strain can be adjusted 698 by varying either VR or WR, since H ¼ ln½3ð1 þ 2VR Â 699 WRÞ=2; and varying VR is straightforward and does not 700 require any change to the microchannel. In this way, using Recently, Wang and James (2011) proposed an experi-711 mental technique to estimate the extensional viscosity of 712 dilute polymer solutions as a function of the strain rate 713 using flow in a lubricated, converging microchannel. This 714 apparent extensional viscosity is calculated from the 715 difference between the measured pressure drop and the 716 calculated pressure drop that would occur only due to shear 717 effects in the core flow. The microdevice used consists of a 718 central channel conducting the core fluid, which is con-719 nected with two side streams containing the lubricating 720 fluid. The fluids then flow through a hyperbolic contraction 721 and an abrupt expansion, as shown in Fig. 17 . The authors 722 analyzed the effect of miscibility of the lubricating fluid, 723 and they concluded that flow stability relies on using an 724 immiscible lubricant, which is crucial for assessing fluid 725 resistance to extensional deformation. This technique is 726 also promising as a microfluidic extensional rheometer 727 suitable for characterizing a wide range of weakly elastic 728 fluids. 
798
However, the instrument has also some limitations, such as:
799
• the applied voltages might influence the rheological 800 properties of the fluid, 801 • the length of the initial filament is fixed for each chip, 802 and may not be appropriate for all kinds of fluids and 803 • the pre-deformation history cannot be properly controlled. Figure 20c shows the time evolution of the coherent 823 jet formed from the droplet and creation of the liquid 824 bridge. For rheometric measurements the start time is 825 t 0 = 7.5 ms, the time at which the SAW actuation ends 826 for the experiment illustrated in Fig. 20c . Subsequently, 827 the bridge thins under the influence of capillary forces 828 acting at the interface. The relaxation time for different 829 fluids are shown in Fig. 20b , illustrating that reliable 830 measurements of Newtonian and viscoelastic fluids can be 831 obtained in the region where the conventional CaBER TM 832 apparatus cannot be used (grey area in Fig. 20b ) due to 833 inertia-driven oscillations, with the added advantage of 834 using a small amount of liquid (B5 ll). However, the 835 major drawback of this technique lies on the complex 836 combination of operating variables (aperture of the SAW 837 interdigital transducer, contact angle of the fluid, ampli-838 tude of the induced SAW and alignment of the end-plates) 839 that must be properly controlled to significantly enhance 840 the reproducibility of the breakup time of liquid bridges.
841 Without due care, the droplet can fail to jet and form a 842 liquid bridge or even atomize.
3 Perspectives

844
In this review, we discuss recent advances in microfluidic 845 techniques relevant for the development of an extensional 846 rheometer-on-a-chip able to characterize the extensional 847 properties of low viscosity elastic fluids. In recent years, 848 microfluidics has evolved from being a promising platform 849 for rheometry to becoming one of the most suitable 850 approaches in the characterization of extensional properties 851 of dilute polymer solutions at the moment. However, 852 despite the great progresses, there is still much to be done 853 in order to improve current techniques and, of course, there 854 are also many unexplored approaches to be pursued. In 855 designing and optimizing a microfluidic geometry it is 856 desirable to combine experiments with numerical compu-857 tations of the corresponding flow field in order to achieve 858 an ideal flow field and systematically explore the sensi-859 tivity of the kinematics to changes in the geometry and the 860 flow conditions. This is arguably the best approach to 861 proceed in order to succeed in the quest of designing 862 efficient microfluidic extensional rheometers with optimal 863 performance. 
